The corrosion behavior of cemented carbides with binders of different chemical nature (Co and Ni) and carbides with distinct mean grain size (ultrafine and coarse) was studied. The investigation also included corrosion media (acidic and neutral solutions containing chlorides and an alkaline solution) as experimental variables. Immersion tests were performed to induce corrosion damage in a controlled way. Electrochemical parameters were measured together with a detailed inspection of the corroded surfaces. Microstructural influence on the tolerance to corrosion damage was evaluated in terms of residual strength. Results pointed out that corrosion rates were lower in the alkaline solution. In contrast, acidic media led to higher corrosion rates, especially for cemented carbides with Co regardless the influence of carbide mean grain size. Corrosion damage resulted in strength degradation due to the formation of surface corrosion pits in acidic solution. In neutral and alkaline solutions, much less pronounced effects were determined. Focused Ion Beam (FIB)/ Field Emission Scanning Electron Microscopy (FESEM) results revealed differences in corrosion-induced damage scenario. In acidic solution, corrosion starts at binder pool centers and evolves towards binder/WC interfaces. Meanwhile, corrosion in alkaline solution is initially located at binder/WC interfaces, and subsequently expands into the ceramic particles, developing a microcrack network inside this phase.
Corrosion mechanisms in cemented carbides depend on a large number of factors, such as surface state, corrosive medium, microstructural assemblage, and binder chemical nature. It has been found that nickel, nickel-chromium, and nickel-cobalt binder exhibit higher corrosion resistance compared to plain cobalt one, especially in acidic and neutral media. Under these conditions, metallic binders are preferentially attacked, while ceramic phase is the one corroded in alkaline solution [10, 11] . Regarding the influence of grain size, it is difficult to extract clear conclusions from the literature. While some authors report a negligible influence of the grain size on the corrosion behavior in acids [6] , others have found a direct correlation between passive current density and grain size in acidic solutions [12] . The fact that neither materials nor the electrolytes were the same in these studies, increases the uncertainty about this issue.
Performance and reliability of engineering components depend on how service-like conditions may affect their properties. Several studies have shown detrimental corrosion effects on the effective wear resistance of cemented carbides, as a result of synergic interactions among different degradation phenomena [13] [14] [15] . Similar correlations have been reported regarding residual strength, measured under either monotonic or cyclic loads [16] [17] [18] [19] [20] [21] . However, most of these works have focused on either one particular hardmetal grade or a specific corrosive medium. As a consequence, to draw generic relationships including microstructure and corrosive medium aspects is not possible. Following the above ideas, the corrosion-induced damage and the corresponding residual strength (tolerance) behavior of four microstructurally different cemented carbides exposed to three distinct corrosion media are studied here. In doing so, besides the mechanical response referred, electrochemical parameters are measured as well as corrosion damage scenario is documented and analyzed. Information gathered is expected to be useful for defining microstructural design guidelines on the basis of damage tolerance as a function of type of corrosive medium.
Materials and Methods
Four hardmetal grades with different binder and carbide mean grain size were studied. All materials were supplied by Hyperion Materials and Technologies. Hardness, fracture toughness and main microstructural characteristics including specimen designations, binder content (%wt.), mean grain size (d WC ), contiguity (C WC ) and binder mean free path (λ binder ) are listed in Table 1 . Mean grain size was measured following the linear intercept method, using field emission scanning electron microscopy (FESEM) micrographs. On the other hand, carbide contiguity and binder mean free path were deduced according to empirical relationships given in the literature [2, 22] . A small amount of Cr 3 C 2 (i.e., <1%wt.) was added in 10CoUF and 9NiF grades as grain growth inhibitor. Corrosion behavior was studied on the basis of the electrochemical response of the studied grades in three different solutions: acidic (0.1M HCl), neutral containing chlorides (0.1M NaCl), and alkaline (0.1M NaOH). The electrochemical tests were carried out using a VersaStat TM II potentiostat-galvanostat (Princeton Applied Research, Oak Ridge, TN, USA.) and a standard three-electrode cell in which the test specimen was the working electrode (area: 1.0 cm 2 ), a platinum wire was the counter electrode, and a silver/silver chloride electrode was used as the reference electrode. After immersion in the electrolyte, the open circuit potential was stabilized for 30 min. Subsequently, the samples were polarized into the cathodic region at -500 mV. Then, the potential was increased towards the anodic region with a scan rate of 600 mV/h in the positive direction up to 500 mV.
Immersion tests were performed to induce corrosion damage in a controlled way and to determine the corrosion rates by gravimetric analysis. These tests were done at room temperature in the same three solutions (stirred) as mentioned above. Weight loss was measured after immersion tests performed from 1 to 240 h. Before and after immersion tests, the specimens were hand-cleaned using soapy water, then ultrasonically cleaned for 15 min in ethanol, and subsequently dried in air. In this case, at least five samples were tested for each material and solution. The specimens were weighted using an electronic balance having a resolution of ±0.1 mg, and the corrosion rates were determined using Equation (1):
where w is the weight loss in mg; A is the surface area of the specimen in cm 2 ; ρ is the density of the material in g/cm 3 ; and t is the corrosion time in hours. After immersion tests, mechanical tests were carried out to assess the tolerance to corrosion-induced damage-measured in terms of residual flexural strength-as a function of microstructure and corrosion medium. Flexural strength (σ r ) was determined according to ASTM Standard C1161-13 by using a fully articulating jig fixture in a four-point bending configuration, with inner and outer spans of 20 and 40 mm respectively [25] . Measurements were done on beam-like specimens (with dimensions of 4 mm × 3 mm × 45 mm) whose longitudinal edges were beveled before testing for avoiding stress rising effects. A minimum of three specimens were tested for each corroded condition. Aiming to define the "baseline" intrinsic flexural strength for each hardmetal grade studied, the same tests were also conducted on uncorroded samples (eight tests per hardmetal grade). The equation used for the strength calculation can be expressed as [25] :
where P is break force in N; L is outer span in mm; b is specimen width in mm; and d is specimen thickness in mm. The mechanical study was complemented by fractographic inspection by means of optical microscopy and FESEM. For each specimen, fracture initiation sites were identified at low magnification; and then, strength-limiting flaws were further analyzed at higher magnifications. Finally, cross-sectional samples were prepared by Focused Ion Beam (FIB) milling, using a dual bean Workstation. They were used for evaluation of corrosion-induced damage at the subsurface level through FESEM imaging.
Results and Discussion

Corrosion Behavior
In immersion tests, the corrosion rates in acidic solution were higher for all studied cemented carbides grades compared to neutral and alkaline ones, as shown in Figure 1 . Table 2 gives the corrosion rate values of investigated cemented carbides after immersion for 168 h in these three different media. Coarse-grained cobalt grade, 10CoC, displayed in each solution the highest values, while 9NiF showed the best corrosion resistance. The presence of small amount of chromium in 10CoUF grade together with the ultrafine microstructure proved to be more effective than the presence of 2%wt. of nickel in a coarse-grained cobalt grade, 10CoNiM. This result is in agreement with previous studies which pointed out that during sintering chromium dissolves into the binder, resulting in a beneficial effect against corrosion [26] . TEM analysis performed by Suttihiruangwong et al. [27] demonstrated the formation of a passivating Co-based chromium oxide layer film at the binder surface, which strongly decreased the rate dissolution of the binder, and hence improved the corrosion resistance of Cr-containing cemented carbides.
reducing the corrosion rate. For these two solutions, no layer of corrosion products was observed at the surface. In neutral solution, the reduction of the corrosion rate as a function of immersion time was observed to be more gradual for the coarse-grained cobalt grades, 10CoC and 10CoNiM. In this case, the presence of chloride ions enhances the formation of a corrosion product layer which seems to slow down the dissolution of cobalt. This layer does not protect the material from corrosion, as chromium, but hinders the dissolution process of cobalt. Figure 2 shows the obtained potentiodynamic polarization curves for the studied grades in the acidic, neutral and alkaline solutions. The electrochemical parameters measured for the studied cemented carbides are listed in Table 3 . They include corrosion potential (Ecorr), corrosion current density (icorr) measured using the Tafel method, and critical current density (ic), which refers to the current density necessary to reach the passive or pseudo-passive potential. In acidic and neutral solution, the grade with nickel as a binder, 9NiF, clearly displayed the noblest corrosion potential. Meanwhile, coarse-grained cobalt grade, 10CoC, presented the most negative values. For this type For all studied grades and solutions, the corrosion rates decreased with increasing immersion time. In acidic and alkaline solutions, the corrosion rates sharply decreased after the first 6-8 h of immersion, remaining constant beyond 24 h. At the beginning of corrosion tests, the higher corrosion rate may be attributed to the relatively large area of the alloy exposed to the corrosive media. As the immersion progresses, the generated corrosion products gradually cover the surface of the alloy, which reduces the contact area between the alloy and the corrosive medium, thereby reducing the corrosion rate. For these two solutions, no layer of corrosion products was observed at the surface. In neutral solution, the reduction of the corrosion rate as a function of immersion time was observed to be more gradual for the coarse-grained cobalt grades, 10CoC and 10CoNiM. In this case, the presence of chloride ions enhances the formation of a corrosion product layer which seems to slow down the dissolution of cobalt. This layer does not protect the material from corrosion, as chromium, but hinders the dissolution process of cobalt. Figure 2 shows the obtained potentiodynamic polarization curves for the studied grades in the acidic, neutral and alkaline solutions. The electrochemical parameters measured for the studied cemented carbides are listed in Table 3 . They include corrosion potential (E corr ), corrosion current density (i corr ) measured using the Tafel method, and critical current density (i c ), which refers to the current density necessary to reach the passive or pseudo-passive potential. In acidic and neutral solution, the grade with nickel as a binder, 9NiF, clearly displayed the noblest corrosion potential. Meanwhile, coarse-grained cobalt grade, 10CoC, presented the most negative values. For this type of microstructure, the corrosion potential was shifted to more positive values with the presence of 2 wt.% of nickel as a binder, 10CoNiM. It is important to point out that although i corr is higher in acidic solutions for 9NiF, i c was at least one order of magnitude lower than for the rest of the cobalt grades. The addition of chromium in cobalt grades, 10CoUF, did not contribute to a better corrosion response. As can be seen in Table 3 , the E corr is moved in the noble direction. Likely, the apparent transpassive region is shifted to higher potentials and lower i c , compared to the other grades. However, at about +100 mV, the self-passivating layer underwent pitting corrosion and the surface response became similar to the other cobalt grades. This phenomenon is supposed to be related to the fracture of the protective oxide film referred above. Nevertheless, future works are needed to corroborate it. Regarding the alkaline solution, no significant differences were observed among cobalt grades. In this media, where the ceramic phase is easily corroded [10, 11] , the nickel grade showed the highest current densities.
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Residual Strength of Corroded Hardmetals
Retained strength was measured using samples subjected to immersion tests of 240 h in acidic, neutral and alkaline solutions respectively (Figure 3b ). Values are plotted as normalized strength loss, using as reference baseline the strength exhibited by uncorroded specimens (Figure 3a ). As it can be observed, each studied corrosive medium induces relatively different strength losses, most likely related to significant differences in the size and geometry of corrosion-induced damage acting as critical flaws for fracture. HCl solution was found to be the most aggressive medium, i.e., flexural strength for all studied grades, including the one with nickel as a binder, was significantly lessened. The highest strength loss, 60% approximately, was observed for 10CoC. Meanwhile, for neutral and alkaline solutions, retained strength was at least 80% in the worst-case scenario.
Aiming to analyze corrosion-induced damage promoting failure, a detailed inspection of fractured surfaces was conducted by means of FESEM. In doing so, Figure 4 shows the fracture initiation sites that were identified at low magnification together with the corresponding high magnification images showing the strength-limiting flaws, in which corrosion pits and binderless carbide agglomerate act as starting locations for subcritical crack growth until they reach a critical size where unstable fracture takes place. Furthermore, the observations revealed clear differences between the corrosion-induced damage as a function of the pH solution. In this sense, the affected depth from the surface for 10CoC in acidic media was about 150 µm, Figure 5a , followed by the corroded zones from neutral and alkaline medias, where the affected depths were close to 30 and 20 µm, respectively, as the maximum value, Figure 5b ,c. It reveals that corrosion affected zone act as critical points for starting fracture, and the strength degradation shows a significant dependence on the depth of the corroded zone. A more pronounced deterioration in the flexural strength is discerned as the corroded zone gets deeper.
Regarding carbide grain size in the neutral and alkaline solutions, the ultrafine-sized studied grade was much more affected by corrosion-induced damage than the coarser ones. As reported in previous investigations, sharp corrosion pits are formed in ultrafine-sized cemented carbides as immersion time increases, which have a much more pronounced stress rising effect. Consequently, higher strength loss was expected for ultrafine grades [19, 20] . 
FIB/FESEM Characterization of Corrosion-Induced Damage
A detailed inspection of transversal cut micrographs was conducted for all grades in the studied media. As demonstrated in previous studies by the authors [19, 20] , the dissolution of metallic binder in neutral solutions takes place in the core of binder pools rather than at the binder/carbide interface. According to Figure 6 , such damage emergence and evolution may be directly extrapolated to acidic solutions. Here, the dissolution of metallic binders started from the center towards the carbide/binder interface, independent of binder chemical nature (Co, Ni or CoNi) or grain size (coarse, fine or ultrafine). Within this context, such observations yield further support to the hypothesis that binder dissolution process is related to tensile thermal residual stress (TRS) state. On the other hand, they would discard the hypothesis of Cr-enrichment effects at binder/WC interfaces [26] [27] [28] [29] . TRS state emerges during cooling from sintering temperature, due to the large difference on the coefficients of thermal expansion between the carbide and binder phases. Indeed, Co has a coefficient of thermal expansion of about twice that of WC, and consequently the binder phase is in tension while the WC particles are in compression [30, 31] . Therefore, the maximum tensile TRS are located in the center of the binder pools, and consequently, stress corrosion effects are to be expected in these areas.
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Conclusions
In this study, corrosion behavior was studied together with the effect of the corrosion-induced damage on residual strength of cemented carbides with different binders and carbide grain size by immersing them in acidic, neutral and alkaline solutions. The following conclusions may be drawn:
(1) Electrochemical and immersion tests revealed that nickel binder displays more noble corrosion potential and critical current density compared to cobalt grades in acidic and neutral solutions containing chlorides. In these conditions, the presence of small amounts of chromium improves more the corrosion resistance of the materials than mixing nickel and cobalt as a binder. No significant differences among studied grades were observed in alkaline solution. (2) Corrosion damage resulted in strength degradation on the basis of stress rising effects associated with the formation of surface corrosion pits in acidic solution for all studied grades. In neutral and alkaline solutions, corrosion effects on residual strength are less pronounced. Under these conditions, the grade more affected by exposure to corrosion medium is the ultrafine one. (3) In acidic solution, the binder was preferentially attacked. The binder dissolution started from the center of binder pools, independent of binder chemical nature, and spreads to the edges until binder phase was completely consumed. In alkaline solution, corrosion process was initially located at the binder/WC interface. As exposure time increased, degradation evolved into microcracks which propagated inside the WC phase, yielding finally a fragmented-like scenario. 
